A numerical simulation was conducted to investigate the local buckling behaviour of the bolted steel plates in steel jacketing technique. The numerical model was firstly validated by the results of a previous experimental study. Then a parametric study was conducted to investigate the influence of different restraint measures on the local buckling behaviour and the sensitivity of the buckling behaviour to the initial imperfection. Fitted formulae were developed to calculate the structural field capacity of the bolted steel plates, and recommended values of stiffener size were also provided to facilitate the strengthening design of steel jacketing.
Introduction
Reinforced concrete (RC) members in existing buildings may need to be retrofitted due to defective construction, accidental damage, material degradation, and being imposed higher loads than initial design. Among all of the available retrofitting techniques, external jacketing, which includes jacketing with concrete, steel, and composite such as fibre reinforced polymers (FRPs) [1] , is the most convenient method. To bond steel plates or FRPs using adhesive mortar is the most popular technique, but it would lead to premature debonding and peeling failure at the ends of the bonded plates or FRPs [2, 3] ; thus considerable efforts have been made to suppress and evaluate these kinds of premature failures [4, 5] . On the other hand, steel plates attached mechanically using anchor bolts are immune to these adverse effects [6] [7] [8] . Although attaching steel plates to beam soffits can effectively increase their flexural strength and stiffness, it may lead to overreinforcement and a subsequent serious decrease in ductility [6] [7] [8] [9] , while attaching steel plates to the side faces of beams by anchor bolts has been proven to possess enhanced flexural strength without a significant reduction in ductility [10, 11] . Nevertheless, another problem arises; that is, local buckling would occur in the upper compressive region of the bolted steel plates in steel jacketing [11, 12] , as shown in Figure 1(a) . In the aspect of columns, the same problem occurs when the bolted steel plates are under axial or eccentric compression [13] [14] [15] , as shown in Figure 1 (b).
The local buckling mode of the bolted steel plates in steel jacketing can be seen as a unilateral buckle, since the inward displacement of plates is restrained by the RC beams or columns. Comprehensive experimental studies have been conducted by researchers worldwide to investigate this kind of unilateral buckle. In the field of RC columns strengthened by steel jacketing, Chai et al. [16] encased the critical regions of circular columns with steel jacketing that was bonded to the column using grout, and high load capacity and ductility was obtained because the jacketing was effective in passive confinement. Wang [1] found that local buckling would occur in the plastic hinge area of rectangular RC columns with steel jacketing. Xiao and Wu [14] applied stiffeners to avoid local buckling of steel jacketing on five rectangular RC columns with different buckling restraint measures, while, in the field of bolted-side-plated (BSP) RC beams, Smith et al. [17] investigated the local buckling behaviour of bolted steel plates, by introducing the so-called local buckling push test that was proposed by Uy and Bradford in their experimental study on composite profiled beams [18] . Su and Zhu [7] investigated the local buckling behaviour in BSP coupling beams and pointed out that the problem could hardly be suppressed by increasing the number of anchor bolts. Li et al. [11] investigated the variation of the overall performance of BSP beams after local buckling occurring in the bolted steel plates, and the capacity and ductility decreased by 6% and 56%, respectively, directly owing to this problem. They [19] also studied the buckling suppressing effect of different restraint measures, which showed that the local buckling deformation of the bolted steel plates can be restricted by employing longitudinal stiffeners and narrower anchor bolts spacing, and the structural field capacity could also be improved.
Since experimental studies of RC structures are expensive thus the number of specimens is usually very limited, researchers conducted finite element analysis (FEA) to extend specimen geometries and kinds of loading conditions. Lubell et al. [20] simulated the postbuckling behaviour of unstiffened steel plate shear wall under cyclic loading with simplified tension field analytical models and provided good predictions of the postyield strength of the specimens. Wright [21] researched the buckling of a long thin plate in contact with a rigid medium unilaterally. Ge and Usami [22] studied the local buckling of short columns with concrete infilled and thin-walled steel and developed an ultimate strength formula for steel plates under uniform compression. For the numerical efforts into the local buckling behaviour of bolted steel plates, Smith et al. [23, 24] developed the buckling formula of bolted steel plates by using Ritz method and by simplifying the boundary conditions of the plates as being simply supported, clamped, and free and carried out a series of simply supported BSP beams to verify the proposed analytical model [25] .
Although comprehensive studies have been conducted, it is still lack of a convenient way to estimate the structural field capacity of the bolted steel plates in steel jacketing that can account for the influence of the local buckling effect, especially a simple formula that can be used in the strengthening design practice. Since the number of specimens in experimental study is relatively limited due to expenditure consideration, a parametric study with FEA models built the ABAQUS programme and validated by experimental results was conducted as a feasible tool to investigate the local buckling behaviour of bolted steel plates with different plate thickness, bolt spacing, and different configuration of longitudinal and transverse stiffeners. Fitted formulae and recommended stiffener size were also proposed to facilitate the strengthening design of the steel jacketing technique. 
Numerical Modelling
The three-dimensional nonlinear finite element analysis (NLFEA) program ABAQUS was employed to simulate the local buckling behaviour of the bolted steel plates in steel jacketing. The instance assembly in ABAQUS is shown in Figure 2 . The size of the concrete block is 360 mm × 400 mm × 150 mm, with six or seven holes used for the installation of anchor bolts. The two investigated steel plates of 300 mm × 560 mm were bolted to its two opposite sides by the anchor bolts 12 mm in diameter. The bolt spacing is 300 mm and 100 mm in transverse and longitudinal directions, respectively. With the restraint of the anchor bolts, the steel plates had no deflection at the connected region of bolts, while the region between bolts can deflect in the transverse direction. And the loading condition can be changed by adjusting the location of the steel hinge on the bearing plates that were fixed to both ends of the bolted steel plates. Table 1 shows the material constitutive relation of steels that were used in this numerical model, and Table 2 shows the choice of element type and material for each component. The modelling of the main components and the analysis steps will be described in details hereafter in the subsequent subsections. had a better convergence, thus, less time-consuming without declining in accuracy, so it is appropriate to employ this elastic simplification. An element size of 0.05 and element type of C3D8R was chosen for the concrete block.
Modelling of the

Modelling of the Steel Plates and Stiffeners.
In order to get the best simulating results, all the material used in this model was defined based on the material testing. Table 1 showed material property of steel. And the steel plates and the stiffeners in 4 mm × 20 mm were assigned the section with material of steel 1, while the rest of the stiffeners in the other sizes were assigned the section with material of steel 2. The steel hinge and the anchor bolts and nuts were assigned elements in the type of C3D8R with an element size of 0.05, while the bolted steel plates, the stiffeners, and the bearing plates were assigned S4R with an element size of 0.05.
Modelling of the Bolt Connection.
In most of existing numerical studies with ABAQUS, the connection between different parts was simulated by defining an interaction type of "all with self." This simplification could simulate the friction action effectively in most cases but not for the connection in this study, where the precompression was loaded on by tightening the nuts. Therefore, a solution was proposed to simulate the precompression of the anchor bolts, by preshortening the anchor bolts for 0.05 mm in longitudinal direction after defining the "all with self" between different parts with a friction coefficient 0.15, and then a longitudinal displacement of 3.5 mm was imposed on the compression platen to apply concentric or eccentric compression to the bolted steel plates. The measure was proved effective by the subsequent investigation.
Initial Imperfection.
The initial imperfection should be considered because it may have a significant influence in investigation of buckling. It is common to introduce the first buckling mode as the initial imperfection. To get the first buckling mode and use it as the initial imperfection of steel plates, the following progress was conducted in sequence:
(1) Clamp the concrete block and nuts; then conduct a "BUCKLIE Step" analysis for the model, which produces an input file "job-1.inp".
(2) Write the statement of " * Nodefile//U" into the input file "job-1.inp" after "Restart, write, frequency=0", then re-executed the file "job-1.inp" and obtain the file "job-2.fil", which includes the buckling information and modes of the bolted steel plates, as shown in Figure 3 .
(3) Redefine the friction connection by preshortening the anchor bolts for 0.05 mm, and impose a longitudinal displacement of 3.5 mm on the compression platen; then conduct a "Static General
Step" analysis by executing the input file "job-1.inp".
(4) Write the statement of " * imperfection, file=job-a,sep=1//N, A" into the file "job-1.inp" between "
* Boundary" and " * Step"; then the nonlinear analysis can be realized by reexecuting the input file "job-1.inp". The letter "N" in the statement means introducing the Nth Buckling mode as the initial imperfection. And the letter "A" is the magnitude of the imperfection (usually set to be 10% of the plate thickness), which will be multiplied with the selected buckling mode and applied to the bolted steel plates automatically in the nonlinear analysis step. 
Validation of the Numerical Model
A Brief Introduction to the Experimental Study.
In a previous experimental study [19] , eight specimens with different buckling restraint measures were investigated to study how the loading condition, plate thickness, arrangement of longitudinal and transverse stiffeners, and bolt spacing affect the local buckling behaviour of the bolted steel plates. The design drawings and the general information of the specimens are shown in Figure 4 and Table 3 , and more details can be found in [19] .
Comparison of the Test and Numerical
Results. In order to verify the efficiency and accuracy of the numerical models, comparison between the experimental and numerical results is shown in Figures 5 and 6 and Table 4 . It is shown in Figure 5 that the failure modes derived from the numerical study agree with those observed in the experimental study. There is no significant buckling at the beginning of loading; then the steel plates buckles outwards in lateral direction as the increase of compressive loading; the steel plates finally fails due to lateral buckling as a result of the rapid degradation of stiffness. When the bolted steel plates are under concentric compression, the whole horizontal middle section buckles outwards with a uniform buckling deformation in both the experimental study and the numerical simulation, as shown in Figure 5 buckling shifts upwards (or downwards) to one of the two spans, as shown in Figure 5 (c). And if a longitudinal stiffener is employed, the local buckling shifts from the compressive edge to the centre of the horizontal middle section, as shown in Figure 5 (d). Figure 6 shows the comparison of the overall loaddisplacement curves derived from the experimental and numerical studies. And it can be found that the simulation results generally agree with the behaviour of the specimens in test, except for a slight error of both stiffness and peak load; this may be caused by the experimental discrepancy, such as the difference in the roughness of plate and concrete surfaces, the precompression provided by the torque of anchor bolts, the gaps between the bolt shafts, and the holes in the bolted steel plates. The comparison in structural field capacity was listed in Table 4 , and the maximum margin of error was 
11.1% and the average was 6.1%. Therefore, the error in the load-displacement curves and the structural field capacity was acceptable, and the FEA model can simulate the local buckling behaviour of the bolted steel plates satisfactorily.
Parametric Study
Since the accuracy of the numerical model was validated, it is feasible to conduct a more detailed parametric study on the local buckling behaviour of the bolted steel plates, by analysing a series of models with different thickness of steel plates, with or without stiffeners of different sizes.
A Brief Introduction to the Numerical Models.
In this parametric study, twenty-seven models were conducted with different buckling restraint measures. To investigate the effect of the thickness of the bolted steel plates, it was varied from 2.0 mm to 4.3 mm and 5.7 mm. Similarly, to calibrate the sensitivity of the buckling behaviour to the initial imperfection, another series of models with the initial imperfection of 1.08 mm, 2.15 mm, 3.23 mm, and 4.3 mm were conducted. The detailed information of each model can be found in Table 5 , of which the parameters have the same meanings as those in Table 3 .
Effect of Plates Thickness and Bolt
Spacing. Several particular models (as shown in Figure 7 , whose initial imperfection were all 1.08 mm) were investigated to study the influence of plate thickness and bolt spacing on the local buckling behaviour of the bolted steel plates. It is obvious from Figure 7 that the plate thickness has no significant effect on the failure modes, while narrower bolt spacing due to an additional anchor bolt on the compressive edge can make a very different failure mode by changing one span into two spans; thus the buckling moved into either of the two spans. In the other aspect, the load-displacement curves in Figure 8(a) show that a thicker plate distinctly increases the stiffness, the field capacity, and the longitudinal displacement (which means an improved ductility). However, although narrower bolt spacing can improve the field capacity and the longitudinal displacement (thus the ductility) significantly, it does not affect the stiffness; for instance, the load-displacement curves of E6NN and E6AN in Figure 8 It is shown that a thicker plate has no significant influence on the growing trend of the lateral buckling deformation except in large size, but it can decrease the buckling deformation especially when it was a large one. Additionally, in the same plate thickness, narrower bolt spacing can decrease the magnitude and the increase rate of the lateral buckling deformation to a certain extent.
Effect of Longitudinal and Transverse Stiffeners.
Similarly, the influence of different arrangement of stiffeners on the buckling behaviour of the bolted steel plates was investigated by comparing the models with stiffeners in variable sizes and different categories. Only the models with plate thickness of 4.3 mm and initial imperfection of 1.08 mm were illustrated for simplicity. Figure 9 shows the deformation distribution diagrams, which demonstrate that the longitudinal stiffener can visibly decrease the lateral buckling deformation of the plates and transfer the region of buckling from compressive edge of the plates to the centre even to the tensile edge (as shown in Figures 9(a)-9(c) ), while the transverse stiffener can only decrease the buckling deformation of the central region of the plates and transfer the region of buckling to the upward region of the transverse stiffener (as shown in Figures 9(c) and 9(d)). And it is also evident that the bigger stiffener has a stronger buckling restraint.
The load-displacement curves shown in Figure 10 (a) indicate that the longitudinal stiffeners can distinctly improve the stiffness and the field capacity, and an increase in stiffener size led to a more obvious improvement. Besides, it is also shown that the longitudinal displacement at the peak load increases. The transverse stiffeners, by contrast, do not improve the stiffness obviously, although they can improve the field capacity in a certain degree; for instance, the loaddisplacement curves of E4LN and E4LL in Figure 10 (a) generally overlapped with each other at the beginning of loading.
The development of the lateral buckling deformation in Figures 10(b)-10(d) demonstrates that the longitudinal stiffeners effectively decrease buckling deformation at Point A (the midpoint on the compressive edge) but cause no obvious decrease at Point B (the centre of the plate) and even increase the buckling deformation at Point C (the midpoint on the tensile edge) when it is a large one. By contrast, arranging transverse stiffeners do not decrease the buckling deformation at Point A in a visible way when it have already arranged longitudinal stiffeners, and only a big transverse stiffener can lead to an obvious decrease in the buckling deformation at Point C, although it causes a substantial decrease in Point B at the centre of the plate.
Sensitivity to Initial Imperfection.
To investigate the sensitivity of the buckling behaviour of the bolted steel plates to the initial imperfection, the buckling behaviour of models with a series of initial imperfections, that is, 1.08 mm, 2.15 mm, 3.23 mm, and 4.3 mm, was compared.
It is shown from Figure 11 that the failure modes were almost the same for the models with different imperfection; thus it is insensitive to the magnitude of initial imperfection.
In the aspect of the load-displacement curves, a high coherence between curves with different initial imperfection is shown in Figure 12 (a), which nearly overlapped with each other at the beginning of loading. It is shown that the field capacity is insensitive to the initial imperfection, although a smaller initial imperfection leads to a little higher field capacity. And the development of the lateral buckling deformation in Figures 12(b)-12(d) indicates that a bigger initial imperfection has no substantial influence on the growing trend though it can increase the lateral buckling deformation in a certain degree. So the buckling behaviour of the bolted steel plates is insensitive to initial imperfection.
Design Recommendation
Formula Fitting
Components of the Structural Field Capacity.
Based on the numerical models, a formula can be built to fit the structural field capacity of the bolted steel plates that considers the difference in restraint measures. Since the arrangement of longitudinal stiffeners can substantially improve the structural field capacity, for simplicity the improvement can be divided into two parts: the bearing capacity of the stiffeners and the enhancement to the steel plates beneficial from the buckling restraint of the stiffeners. Therefore, the structural field capacity can be divided into three parts: the capacity of the bolted steel plates ( 0 ), the yield strength of the longitudinal stiffeners ( 1 ), and the enhancement due to the buckling restraint of the longitudinal stiffeners ( 2 ), as follows:
(1) According to the buckling theory, the capacity of the bolted steel plates ( 0 ) is equal to the value of structural field capacity without any restraint measure and is related to the value of Young's modulus (E), the breadth and thickness (B & t) of the bolted steel plates, and the bolt spacing (L). It can be assumed in the form of (2) by taking E4NN (whose field capacity is 149 kN) as reference. And solving (3) by introducing the related parameters (i.e., E = 210 GPa, B = 0.3 m, L = 0.3 m, and t = 4.3 mm) yields 0 = 0.2713.
(2) According to the theory in material mechanics, the capacity of the longitudinal stiffeners ( 1 ) is related to the sectional size of the stiffeners and the field strength of steel, thus in the form of (3) The enhancement benefitting from the buckling restraint of the longitudinal stiffeners ( 2 ) may be related to the width and thickness (a and b) of the stiffener and the thickness of the steel plate (t). Besides, the breadth of the bolted steel plate (B) and the bolt spacing (L) may possibly affect the value of ( 2 ). So the formula can be defined as follows. And similar to 0 , taking E4SN ( 2 = 127 kN) as reference and solving (6) yield 2 = 0.2312. 
The equation series can be solved by a least square fitting (LSF); thus the undetermined coefficient can be solved as = −0.60. Similarly, other series of models can also be investigated by adjusting the bolt spacing (L) and the thickness of steel plates (t) to solve the undetermined coefficients and , respectively, as = 1.02 and = −0.91. Therefore, (2) can be determined as follows: 
In the same way, the undetermined parameters of (5) 
In addition to the longitudinal stiffeners, the transverse stiffeners can also improve the structural field capacity to a certain extent. Considering the fact that, under normal conditions, the transverse stiffeners are always arranged together with the longitudinal ones with the same sectional size, so it is reasonable to consider the improvement of the transverse stiffeners by introducing an amplification coefficient to the enhancement of the longitudinal stiffeners ( 2 ). And thereby the total field capacity (F) can be expressed more accurately in a modified form as
By investigating a series of models in different combinations of stiffeners, the undetermined coefficient can also be solved as = 1.11. And, for those without transverse stiffeners, = 1.0.
In order to test the degree fitting of (10), a series of models with different buckling restraint measures were built and their field capacities derived from the numerical FEA simulation ( num ) and those computed using the aforementioned formulae ( the ) are compared in Table 6 . It is shown that the errors between the calculated and the numerical results agree with each other very well. The maximum error was 4.4% and the average error is 2.0%. So the fitted formulae have a high fitting degree thus being reasonable and authentic.
Verification of the Fitted Formulae by Experimental
Results. To verify the applicability of the fitted formulae in evaluating the structural field capacity of the bolted steel plates with different buckling restraint measures, the experimental results ( exp ) of the previous experimental study [19] were also extracted and compared with the calculated results ( the ). The comparison in Table 7 indicates that the maximum error is 10.6% and the average is 5.8%. So the accuracy and effectivity of the fitted formulae are validated.
Recommended Size of Stiffeners.
It is evident from the aforementioned study that the arrangement of stiffeners, especially the longitudinal stiffeners, can substantially improve the structural field capacity and restrict the lateral Advances in Materials Science and Engineering 13 local buckling of the bolted steel plates. The efficiency of such improvement is highly related to the size of the stiffeners, so providing a recommended stiffener size to obtain a maximum enhancement with an economic consumption of stiffener steel is not only necessary, but also practical and useful.
In the Chinese steel structural specifications [26] , when a transverse stiffener is employed in a double T-steel, its size is recommended as follows:
where ℎ is the clear height of the web plate of the double T-steel and b and , respectively, represent the width and thickness of the stiffener. Nevertheless, it only specifies the minimum geometric dimension of the stiffeners. So such recommended value is not convenient for utilization. And, furthermore, there is even no such recommended value for the stiffeners used for the bolted steel plates in steel jacketing. In order to solve this problem, a parametric study of more models restricted by stiffeners in variable sizes was conducted. It is reasonable to use the value of 2 /F to evaluate the efficiency of stiffener utilization, in which represents the total structural field capacity and 2 represents the capacity enhancement beneficial from the buckling restraint of the stiffeners. Then, the relation between the value of 2 /F and the dimensional parameters of stiffeners can be studied to optimize the stiffener size. Figure 13 (a) shows the relationship between 2 /F and ab/Bt, which represents the area ratio. It can be found that the efficiency of stiffener utilization ( 2 /F) is stable and relatively large when / = 0.1. Figures 13(b) and 13(c) respectively, show the relationship between 2 /F and a/t or b/t, which represents the ratio of the thickness or the breadth of the stiffeners to the thickness of the bolted steel plates, respectively. Similarly, b/t and a/t can be, respectively, recommended as 1.2 and 6. And Figure 13 (d) shows 2 /F-b/a curve, which indicates that b/a is suitable to be chosen as 5. By comparing the recommended values in this study (ab/Bt, a/t, b/t, and b/a) and that in the Chinses steel structural specifications, the former are more specific and can provide guideline to the strengthening design practice of the bolted steel plates in steel jacketing.
Conclusion
By a comprehensive parametric study on the local buckling behaviour of the bolted steel plates with different buckling restraint measures, the following conclusions can be drawn:
(1) The local buckling behaviour of steel plates can be accurately simulated by the NLFEA program ABAQUS, if the suggested simulation procedure is followed.
(2) The arrangement of less bolt spacing, longitudinal stiffeners, and thicker steel plates can substantially improve the structural field capacity of the bolted steel plates. The first two restraint measures can also considerably decrease the lateral buckling deformation.
(3) The arrangement of transverse stiffeners can limit the lateral buckling deformation of the central region of the bolted steel plates, while it is less obvious in improving the structural field capacity.
(4) The local buckling of the bolted steel plates is insensitive to initial imperfection. And the field capacity and the growing trend of the lateral buckling deformation of the bolted steel plates with different initial imperfection are generally the same.
(5) The improvement of the structural field capacity due to the arrangement of longitudinal stiffeners can be divided into two parts: the yield strength capacity of the stiffeners and the capacity enhancement of the bolted steel plates beneficial from the buckling restraint of the stiffeners. And the proposed fitted formulae can evaluate the structural field capacity with satisfactory accuracy.
(6) To get a high efficiency of stiffener utilization, the area ratio (ab/Bt), the ratio of the breadth of stiffeners to the plate thickness (b/t), and the breadth to thickness ratio of the stiffeners (b/a) can be recommended as 0.1, 6, and 5, respectively. 
Notations
:
The factor for the improvement due to transverse stiffeners
